ABSTRACT: Nanoprobes such as single-walled carbon nanotubes (SWCNTs) are capable of label-free detection that benefits from intrinsic and photostable near-infrared fluorescence. Despite the growing number of SWCNT-based applications, uncertainty surrounding the nature of doublestranded DNA (dsDNA) immobilization on pristine SWCNTs has limited their use as optical sensors for probing DNA−protein interactions. To address this limitation, we study enzyme activity on unmodified dsDNA strands immobilized on pristine SWCNTs. Restriction enzyme activity on various dsDNA sequences was used to verify the retention of the dsDNA's native conformation on the nanotube surface and to quantitatively compare the degree of dsDNA accessibility. We report a 2.8-fold enhancement in initial enzyme activity in the presence of surfactants. Forster resonance electron transfer (FRET) analysis attributes this enhancement to increased dsDNA displacement from the SWCNT surface. Furthermore, the accessibility of native dsDNA was found to vary with DNA configuration and the spacing between the restriction site and the nanotube surface, with a minimum spacing of four base pairs (bp) from the anchoring site needed to preserve enzyme activity. Molecular dynamics (MD) simulations verify that the anchored dsDNA remains within the vicinity of the SWCNT, revealing an unprecedented bimodal displacement of the bp nearest to SWCNT surface. Together, these findings illustrate the successful immobilization of native dsDNA on pristine SWCNTs, offering a new near-infrared platform for exploring vital DNA processes.
■ INTRODUCTION
The discovery of the helical structure of double-stranded DNA (dsDNA) incited technologies that have since shaped modern molecular biology. The omnipresence of DNA in most basic life processes has motivated its incorporation into gene delivery, imaging, and sensing technologies that exploit its biocompatibility, versatile molecular structure, and specificity. 1−4 When coupled to nanoparticle and fluorescent probes, dsDNA provides a scaffold for studying fundamental processes, such as replication, hybridization, and transcription, as well as bioengineering techniques, such as gene delivery and genome editing. 5, 6 Single-walled carbon nanotubes (SWCNTs) are among the most studied nanoparticle probes because of their near-infrared fluorescence, indefinite photostability, and single-molecule detection limits. These beneficial properties are particularly advantageous for both in vivo and in vitro imaging and sensing applications. 7−11 The noncovalent functionalization of SWCNTs with DNA not only keeps these optoelectronic properties intact, but also increases the solubility and biocompatibility of SWCNTs and bestows biochemical accessibility for further functionalization. 12−14 In addition, DNA binding affinity and surface coverage of SWCNTs are length-and nucleotide-specific, 15 allowing nanotube chirality separation. 16 The wrapped DNA can further hybridize with complementary sequences or form aptamer structures that bind target molecules with high affinity and specificity, incentivizing its use for optical SWCNT sensing applications. In addition, SWCNTs have been shown to protect DNA from degradation 17 (see Figure S1 and discussion in the Supporting Information), a critical consideration for gene delivery applications.
Although DNA is the most commonly used polymer for suspending SWCNTs, the majority of SWCNT-based applications rely on noncovalent functionalization with single-stranded DNA (ssDNA) of 20−40 nucleotides (nt). 12, 13 The ssDNA oligonucleotides possess a strong affinity to the SWCNTs that is attributed mainly to π−π stacking between nucleobases and the SWCNT sidewall. 18 In contrast, dsDNA has received less attention as it does not efficiently suspend SWCNTs unless sonicated vigorously. 12 To circumvent the low binding affinity and functionalize SWCNTs with dsDNA sequences, previous studies have designed hybrid configurations such as dsDNA containing an ssDNA overhang 19, 20 or ssDNA-based hairpin structures. 21 These studies demonstrated that the hybrids can be employed successfully in optical sensing and nanostructure design applications.
A lack of uniform and precise techniques for dsDNA− SWCNT characterization has yielded several seemingly conflicting models on the interaction of dsDNA with SWCNTs ( Table 1 ). The weak binding of dsDNA to the SWCNT is believed to emanate from the low affinity between the hydrophilic dsDNA backbone and the hydrophobic SWCNT surface. However, some studies have suggested that van der Waals forces are sufficient to facilitate dsDNA adsorption to the SWCNT surface. 22−24 Nii et al. demonstrated that ssDNAbinding proteins do not bind to conjugates of chromosomal dsDNA and SWCNTs, while they readily interact with ssDNAfunctionalized SWCNTs, 25 thereby validating the preservation of the double-stranded structure on SWCNTs. On the other hand, Cathcart et al. investigated SWCNTs suspended with chromosomal DNA from salmon sperm by electron micros- copy and circular dichroism analysis. 26 They concluded that following sonication, nanotubes are initially stabilized by dangling ssDNA ends from which the dsDNA slowly denatures to form an ordered ssDNA coating around the SWCNT within 20−50 days.
Similar disparities have been reported for the hybridization of complementary sequences to ssDNA on the surface of SWCNTs.
9,27−29 For example, on the basis of electrophoresis and molecular dynamics (MD) simulation results, Jung et al. suggested that 17 base pairs (bp) dsDNA duplexes formed by hybridization desorb from the nanotube surface. 28 On the other hand, Jeng et al. used atomic force microscopy (AFM) imaging to show that a random 24 bp dsDNA will remain adsorbed on a nanotube surface after duplex formation. 29 However, AFM imaging did not allow the authors to distinguish whether the dsDNA duplex adopts a canonical Btype conformation or some nonnatural conformation on the SWCNT surface.
Differences in sequences, observed time scales, varying degrees of charge screening by counter ions, and other factors in these studies may contribute to the observed variation in the dsDNA−SWCNT behavior. The field thus currently lacks a fundamental understanding of the nature of the dsDNA− SWCNT interaction, the preservation of the dsDNA structure, and its accessibility while wrapped on SWCNTs. In this work, we study the structure of dsDNA strands on SWCNTs by analyzing the interaction of dsDNA-modifying type-II restriction enzymes (REs) with DNA−SWCNT hybrids. Type-II REs recognize short palindromic dsDNA sequences and cleave the phosphodiester bond of the DNA backbone within their respective recognition sites. 30 Type-II REmediated DNA cleavage is widely used in different techniques, such as restriction fragment length polymorphism, single nucleotide polymorphism, and post-modification analysis as the cleavage activity can be easily investigated by gel electrophoresis. Importantly, these enzymes are mostly specific for dsDNA in the native B-DNA conformation. 31, 32 We take advantage of this conformational specificity to understand the structure and stability of DNA duplexes in the vicinity of the SWCNT surface. Additional Forster resonance electron transfer (FRET) measurements and MD simulation results show that short dsDNA strands can retain their native conformation in the proximity of a SWCNT surface.
■ RESULTS
The enzymatic digestion assay developed in this study ( Figure  1 ) allows us to quantify the amount of accessible native dsDNA on the nanotube surface. HiPCo SWCNTs were functionalized with short (≤30 bp) dsDNA sequences containing an endonuclease recognition site and a singlestranded (GT) 10 overhang on either one or both strands ( Figure 1a , Table 2; see Table S1 for exact sequences). DNA− SWCNT hybrids were prepared by a sodium cholate (SC)-exchange method adopted from Shiraki et al., 33 as this method minimizes SWCNT damage and increases yields of native dsDNA on SWCNTs (see conclusion and discussion in Supporting Information for a comparison of DNA−SWCNT hybrids prepared by different methods). Free DNA was thoroughly removed (Figure S2 ), and the suspension (around 1 mg/L of SWCNT) was incubated with the BamHI restriction enzyme to cleave native dsDNA into smaller fragments. Total DNA was subsequently purified from the SWCNT suspension by phenol−chloroform−isoamyl alcohol extraction ( Figure S3 ), concentrated, and analyzed by denaturing gel-electrophoresis (Figure 1b) . Because BamHI is specific to DNA in the B-conformation, 31 the enzyme activity is directly related to the amount of accessible DNA in its native configuration.
This protocol was first applied to SWCNTs wrapped with dsDNA containing a single 5′-overhang and a GC content of 53% (BH13-5). Enzymatic digestion (Figure 1c ) leads to the appearance of two extra bands around 33 and 15 nt, which correspond to the lengths of the expected fragments c and d 1−3 , as shown in Figure 1d . These bands resulted from the specific restriction at the single BamHI site of sequence BH13-5, as no cutting was observed for single-stranded sequences or a hybrid sequence without a BamHI recognition site ( Figure  S4 ). In contrast, the uncut bands shown as fragments a and b may represent uncut dsDNA as well as any adsorbed ssDNA strands that may have remained following annealing. To eliminate the possibility that free oligonucleotides detaching from the SWCNTs contribute to the observed cutting, we independently analyzed DNA fragments extracted from the SWCNT-containing pellet and the supernatant of an ultrafiltrated solution directly following enzymatic restriction (Figure 1e ). Fragments a, b, and c were only found in the pellet fraction containing the SWCNTs, and no desorbed DNA a DNA sequences are named based on the RE cutting site, site-to-end distance, and configuration, consecutively. b The 6-bp recognition site for BamHI (5′-GGATCC-3′) or EcoRV (5′-GATATC-3′) is included in the dsDNA sequence.
c The site-to-end distance is defined as the length between cutting site and the closest overhanging end. The overhang configuration is defined as the position(s) where a (GT) 10 overhang is added to one or both complementary strands.
was detected in the supernatant, confirming that restriction occurred at the SWCNT surface. We noted that despite the observed surface-bound activity, dsDNA restriction was not complete, and enzyme activity was notably decreased when compared to the restriction rate of free DNA ( Figure S5 ).
In order to quantify the number of cutting events, we examined the relative enzyme activity (A rel ). We define this variable as the cut ratio (CR) of DNA in the SWCNT hybrid normalized to the CR of free DNA with the same sequence. This normalization therefore accounts for contributions from any unwanted ssDNA which may still be present during the digestion assay. The CR was calculated from the fluorescence intensity observed for bands a and c in the PAGE gel (I a and I c ) normalized with respect to the corresponding DNA length (L a and L c ), assuming that fluorescence intensity is proportional to DNA length.
The relative activity of BamHI on BH13-5 SWCNT hybrids was calculated to be A rel = 0.26, indicating a strong negative impact on enzymatic DNA cleavage due to the presence of SWCNTs.
Cleavage of DNA by type-II REs consists of three general mechanistic steps: first, the enzyme nonspecifically binds to DNA; second, it slides or hops along the DNA helix until it encounters a specific recognition site; and third, the enzyme cleaves the phosphate−sugar backbone and diffuses from the DNA. Reduced enzyme activity on DNA−SWCNT hybrids is likely caused by either (i) competing adsorption of the enzyme on the SWCNT surface or (ii) hindered DNA accessibility for the enzyme due to the presence of the SWCNT. We explored enzyme adsorption (case (i)) by mixing free DNA and BamHI in the presence of SWCNTs suspended in 0.02 wt % SC. Although the SC concentration was deliberately chosen to not fully cover the SWCNT 34 and allow BamHI to adsorb on the surface, the presence of SWCNTs in the reaction mix did not significantly influence the yield of cleavage products as 96% BamHI activity was retained ( Figure S6 ). This finding indicates that enzyme adsorption is not limiting DNA cleavage.
Next, we investigated if close proximity of the dsDNA to the SWCNT surface leads to steric hindrance or induces conformational changes on the DNA-helix (case (ii)). The accessibility of the dsDNA was studied by tuning the strength of the dsDNA−SWCNT interaction through surfactant addition. This approach is based on work by Harvey et al., 9 who showed that certain surfactants can be used to weaken the interaction of DNA−RNA duplexes with the SWCNT surface. Our measurements showed that the addition of 0.002 wt % Triton X-100, a nonionic surfactant that does not denature proteins at low concentrations, 35 leads to an 8 nm blue shift of the DNA−SWCNT photoluminescence ( Figure S7 ). This blue-shifting was attributed to altered dsDNA binding to the SWCNT without desorbing ssDNA from the surface. 9 In addition, the presence of Triton X-100 in the BH13-5-SWCNT digestion assay boosted the relative activity of the BamHI digestion by 2.3-fold to 0.60 compared to the case without surfactant (Figure 1c) .
The influence of Triton X-100 was further studied by measuring the reaction kinetics of DNA cleavage (Figure 2a) . The initial linear rate of DNA cleavage (r i ) in DNA−SWCNT hybrids is 0.0034 min −1 , which is 10 times lower than the r i for free DNA (0.033 min −1 ). By introducing Triton X-100 to the system, r i was increased 2.8-fold (0.0091 min
), implying that enzyme kinetics were negatively affected by reduced DNA accessibility on the SWCNT surface. The addition of Triton X-100 can thus enhance DNA accessibility and facilitate binding and/or cutting by BamHI.
On the basis of these findings, we hypothesize that the amphiphilic Triton X-100 destabilizes the dsDNA−SWCNT interaction by preferentially binding to the hydrophobic SWCNT surface. Consequently, native dsDNA is displaced from the nanotube surface to promote accessibility by BamHI. To verify dsDNA displacement by Triton X-100, we employed FRET analysis. FRET has previously been used to study ssDNA and/or RNA hybridization events with fluorophorelabeled ssDNA−SWCNTs. 9, 36 The enhanced fluorescence intensity on the addition of complementary sequences was attributed to an increased mean distance between the dye and the SWCNT surface. Here, we functionalized SWCNTs with DNA containing an overhang in the 5 configuration and a Cy3 fluorophore attached to the opposite 5′-end of the complementary strand (BH13-5(*); Table S1 ). We excited SWCNT-BH13-5(*) conjugates at 532 nm and collected visible-range fluorescence spectra to measure changes in energy transfer. While Triton X-100 had a minimal effect on Cy3 fluorescence for free BH13-5(*) (Figure S8 ), it yielded a 6-fold fluorescence increase when the DNA was conjugated to the SWCNT (Figure 2b ). Because FRET efficiency (E) is inversely related to the distance according to the equation
where r is the distance between the emitter and the quencher and R 0 is the Forster distance, the 6-fold decrease in efficiency in the presence of surfactant suggests an increase in the mean distance between the 5′-Cy3 and the SWCNT. Assuming the change of FRET efficiency is proportional to the change of fluorescence, r ≈ 9.9 nm (the length of the dsDNA) in the presence of surfactants, and r ≈ 0.8 nm in the absence of surfactants (i.e., hydrodynamic radius of Cy3), 37 we predicted the R 0 of Cy3 and SWCNT is on the order of ∼8 nm. This value falls within the range of previously reported values of R 0 of Cy3 coupled with a nanoparticle. 38 The close agreement between the predicted and reported values of R 0 thus confirms that the ssDNA anchor remains attached, while the dsDNA strand is displaced.
The effects of the DNA sequence and configuration on enzyme activity were also studied. Specifically, we varied the recognition site-to-end distance, GC content, and the configuration of the (GT) 10 overhang(s), as summarized in Figure 3 . First, we tested five different variants with restriction site-to-end spacings varying from 2 to 13 bp. In the absence of Triton X-100, the relative activity of BamHI was significantly decreased only when the recognition site was within 2 bp from the anchoring (GT) 10 overhang (i.e., BH2-5) (Figure 3a) , whereas placing the cut site more than 4 bp from the overhang (i.e., BH4-5 to BH13-5) leads to a 3−4-fold increase in relative activity. This finding shows that the SWCNT has a substantial negative impact on enzyme activity when the recognition site is in close proximity to the wrapping anchor. This observation is in agreement with the results of Shiraki et al., 33 who predicted that dsDNA termini can be partially disrupted by the shortlived exchange of favorable base pairings with π−π interactions along the SWCNT surface, a phenomenon that has been described as "fraying" in another study. 26 As our results imply that this loss of the native conformation is restricted to the first few bp near the ssDNA anchor, we find that positioning sequence elements at least 4 bp into the dsDNA region is crucial for optimizing applications relying on protein−dsDNA interactions. Similarly, Landry et al. previously confirmed that a spacer of at least six units of ethyleneglycol between the anchoring DNA and the aptamer is necessary to achieve protein−aptamer binding on an SWCNT surface. 39 The addition of Triton X-100 increased BamHI activity for all restriction site-to-end distances tested. The effect was especially pronounced in the case of BH2-5 (site-to-end distance of 2 bp, as shown in Figure 3a) where BamHI showed a 3-fold increase in activity in the presence of surfactants. This corroborates the idea that Triton X-100, by shielding the SWCNT surface, weakens dsDNA−nanotube interactions and allows dsDNA to move away from the SWCNT. Conversely, in the absence of surfactants, the increased steric hindrance of the SWCNT is shown to disrupt enzyme activity. Moreover, a strong positive correlation between the site-to-end distance and relative enzyme activity was observed (Spearman correlation = 0.81, with p < 0.001). As in the case of Figure 3 . RE activity depends on the sequence and configuration of DNA wrapped on SWCNTs. Fragment analysis by denaturing PAGE was used to quantify the relative enzyme activity, as defined in eq 2 and plotted against (a) site-to-end distance, (b) GC content of the dsDNA sequence, and (c) configuration of (GT) 10 overhang. All results are mean values of independent triplicates, with the error bar representing 1 S.D. Significance was evaluated by a two-sample t-test (* = p < 0.05, ** = p < 0.01).
surfactant addition, the increased distance from the SWCNT surface is believed to promote enzyme activity through increased dsDNA accessibility.
The stability of dsDNA can be improved by increasing the number of GC pairs, which form an additional third hydrogen bond and have a more favorable base stacking energy compared to AT pairs. Nonetheless, GC content showed only a minor influence on relative BamHI activity when comparing SWCNTs wrapped with 30% GC dsDNA sequences (BHL13-5) to 70% GC sequences (BHH13-5) (Figure 3b ). The addition of Triton X-100 increased BamHI activity for all GC variants tested to an extent that negated the small differences seen in the absence of the surfactant. Independent of their GC content, the 30 bp DNA duplexes used in this study are sufficiently stable to prevent DNA dehybridization in favor of competitive SWCNT interactions. Accordingly, dsDNA stability is unlikely to be the limiting factor for BamHI activity.
In contrast to GC content, the configuration of the tested DNA hybrids had a strong impact on enzyme activity ( Figure  3c ). While there was little difference in relative enzyme activity between DNA with a single (BH13-5) or double (BH13-53) overhang at the same terminus, activity increased markedly when two overhangs were added at different DNA termini (BH13-55). The two overhangs are capable of either binding on the surface of the same nanotube or the surfaces of two distinct nanotubes. Han et al. showed that the majority of SWCNTs suspended with DNA containing two overhangs in a similar 55 configuration assume the latter arrangement, allowing dsDNA bridging between two distinct nanotubes. 19 Such bridging would introduce an additional tensile strain on the dsDNA strands that could displace them from the nanotube surface and facilitate dsDNA cleavage by BamHI. Although wrapping of the BH13-55 on the same nanotube could negatively impact enzyme activity, our results indicate that this effect could be outweighed by the majority of nanotubes that are expected to show a relative increase from the dsDNA bridging. Again, relative activity of all configurations was promoted by the addition of Triton X-100.
Furthermore, we compared the activity of different digestion enzymes on dsDNA−SWCNT hybrids (Figure 4a ). BamHI and EcoRV are REs with comparable DNA-binding constants (EcoRV: 10.0 μM and BamHI: 11.0 μM for nonspecific DNA). 40 The relative activity of EcoRV was similar to BamHI for dsDNA−SWCNTs with duplexes in the 5 and 53 configurations (Figure 4b) . As with BamHI, EcoRV showed enhanced activity with duplexes in the 55 configuration compared to the 5 and 53 configurations, in agreement with the hypothesis that the favored bridging conformation may contribute to increased DNA accessibility. However, this enhancement was less pronounced than that observed with BamHI, and we consequently observed a significant difference between the enzymes' activities with this dsDNA configuration (p < 0.0001). A comparison of the crystal structures of the enzymes (BamHI: 1ESG; EcoRV: 1RVB) bound to noncognate DNA shows that EcoRV occupies a larger interaction surface area (2448 Å 2 ) than BamHI (631 Å 2 ) (PDBePISA 41 ), though both enzymes are smaller than the ca. 10 nm distance that is predicted between the bridged nanotubes. 19 Moreover, upon binding to its recognition sequence, EcoRV needs to bend the DNA in a 50°kink 42, 43 to correctly position the phosphodiester bonds for DNA cleavage. This bending could be hampered more by the torsional strain from the DNA bridge compared to BamHI. 44 Consequently, this torsional strain, combined with the increased interaction surface, may therefore account for the diminished EcoRV enhancement compared to BamHI.
Lastly, we used classical MD simulations (see the Supporting Information for details) to understand the stability and conformation of different regions of dsDNA (BH7-5) on the SWCNT surface (Figure 5a ). Ghosh and co-workers have shown that inevitable double-stranded oligonucleotide unzipping is affected by factors such as type of oligonucleotide, salt concentration, and temperature. 46 Greater base-pair stability has been reported for dsDNA compared to other oligonucleotides, such as siRNA, and for longer sequence lengths. 22, 47 For the experimental conditions used in our study, we observe that dsDNA remains hybridized. In line with this, we did not observe unwinding of the 24 bp duplex over the time scale used in our simulation (Supporting Information video S1). This stability was attributed to the stable canonical Watson− Crick base pairs in the simulated sequence (Figure 5b ). The duplex region was shown to largely retain the theoretical 60 hydrogen bonds throughout the simulation for a hydrogen bond pairing cutoff of 0.35 nm and 30°. 47 The observed stability of the DNA duplex along the SWCNT is in agreement with previously published MD simulations for DNA sequences >12 bp. 9, 22, 47, 48 A comparison of the distance (d) between the SWCNT surface and the center of mass of each of the bp of the dsDNA over time showed that the bp closest to the ssDNA anchoring point conveys bimodal displacement with d oscillating between 1.1 and 1.5 nm (Figure 5c ). In the state where the bp was close to the SWCNT, the nucleobases formed canonical H-bonds (inset of Figure 5d ). However, as the first bp has lower stability because of less neighboring bases, 49 the Watson−Crick pairing can be temporally broken, and the fluctuating residue leads to an increase in d. This binding disruption is in agreement with the "fraying" phenomenon previously reported in the literature 26, 33 and in the discussion above for cut sites within 2 bp of the nanotube surface. In contrast, the central and last bp of the dsDNA segment remained in a relatively constant position with d = 1.5 ± 0.05 and 1.7 ± 0.2 nm, respectively. Although the large standard deviation of d implies that the last bp has the highest tendency to desorb from the SWCNT surface, it stayed within 2.2 nm throughout the simulation. As all MD simulations previously mentioned neglected the polarization contribution (i.e., a nonpolarizable force field was used, see the Supporting Information), the attractive force between dsDNA and SWCNT is typically underestimated. 22 Therefore, the adsorption of dsDNA on SWCNTs is likely even more favorable than predicted.
These observations can be reconciled with the observations of Jung et al., 28 who suggested that the energy released by a 17 bp duplex formation is enough to facilitate desorption of the dsDNA. The values estimated by the authors predict that the 24 bp dsDNA used in our simulation would have a desorption energy of around 56 kcal/mol, which is 2 orders of magnitude larger than thermal fluctuation at ambient conditions. In addition, Harvey et al. also reported adsorption of an unanchored 23 bp dsDNA along the surface of the SWCNT. 9 Accordingly, these findings suggest that prehybridized dsDNA remains within the vicinity of the SWCNT surface under ambient conditions. This observation corroborates the results in Figure 3a , which show comparable enzyme activity in the absence of surfactants for cut sites between 2 and 13 bp from the anchoring (GT) 10 , suggesting that the loci of the cut sites are all close to the SWCNT surface.
■ CONCLUSIONS
This study presents a systematic investigation of enzyme activity on unmodified DNA strands wrapped on pristine SWCNTs. Whereas previous work on SWCNT-based DNA− protein interactions has focused on the binding activity of proteins to aptamers 39 or on single-strand DNA-binding proteins, 25 our findings uniquely explore the effects of enzyme activity, specifically the cutting of the phosphodiester backbone of dsDNA on the SWCNT surface. To the best of our knowledge, this study offers the first experimental verification of a native dsDNA conformation on an SWCNT surface by DNA−protein interaction. Our results show that the DNA− protein interaction strongly depends on DNA accessibility, which can be enhanced through the addition of nonionic surfactants. FRET analysis shows that the surfactant is able to partially displace the dsDNA by diminishing DNA−SWCNT affinity. In addition to DNA−SWCNT affinity, variation in the activities of different enzymes suggests that geometric constraints based on the interaction area and enzyme mechanism may also affect DNA accessibility. Although the precise mode of action of REs on SWCNT-adsorbed dsDNA has not yet been studied, previous studies have explored enzyme behavior in the presence of a competitive DNA-bound protein. Jeltsch et al. showed that REs helically scan along DNA and pause when encountering a bound ligand. 50 We propose a similar mechanism for the dsDNA−SWCNT system, where the enzyme helically scans along the dsDNA until it encounters the SWCNT, blocking enzyme sliding and thereby slowing binding-site recognition.
Alternative models on the interaction of dsDNA with SWCNTs have been reported in the literature (Table 1) . Differences in the predicted behaviors can be attributed to the range of experimental conditions, including varying buffer systems and component concentrations that are expected to modulate the dsDNA−SWCNT interaction markedly. Our restriction enzyme digestion assay provides a universal method applicable under varying conditions to evaluate the conformation of dsDNA interacting with SWCNTs. For example, we applied the assay to compare enzyme activity on dsDNA− SWCNT hybrids prepared using different methods (Figures S9 and S10, and discussion in the Supporting Information). While the assay confirmed that all the tested methods generate native and accessible dsDNA, the yield varied considerably, with the SC-exchange method adopted in this study showing the highest yields. We also applied the assay to monitor the longterm stability of dsDNA in the nanotube hybrid ( Figure S11 ), and we observed negligible denaturation of the dsDNA within 3 months at 4°C. In addition to its applicability in different conditions, this technique is insensitive to GC content, offering great versatility for studying dsDNA−SWCNT hybrids and applications over a wide range of sequence compositions.
While previous efforts to explore and enhance the interaction between SWCNTs and dsDNA have relied on carboxylated-SWCNTs 51 or pyrene-modified biomolecules, 52 ,53 these approaches show limited application for high-throughput screening or optical sensing. The added flexibility in using pristine SWCNTs, which are specifically capable of autofluorescence, offers a promising prospect for the label-free optical detection of protein−dsDNA interactions. Future applications of this platform therefore include not only exploring other DNA-binding proteins, such as transferases and topoisomerases, but also exploiting the preserved nIR SWCNT fluorescence to optically detect a broad range of enzymatic DNA−protein interactions in vitro and/or in vivo. Such in vivo applications can exploit the temperate properties of Triton X-100, which has been shown to increase nanoparticle uptake and permeabilize cell membranes at low concentrations without curtailing cell viability. 54, 55 Alternatively, the system can benefit from the natural salt concentration gradient that exists across the outer cell membrane to trigger DNA release for gene delivery applications, as described by Ghosh et al. 46 Thus, by carefully choosing an appropriate DNA configuration, suspension method, and reagent conditions for tuning dsDNA−SWCNT interactions, this platform can enable new dsDNA optical measurements for both fundamental and applied studies.
■ METHODS AND EXPERIMENTS
Materials. Purified SWCNTs were purchased from NanoIntegris (HiPCo, batch HP26-019 and HP29-064). BamHI-HF (E163A/ E167T), EcoRV-HF (D19A/E27A), and reaction buffer NEBuffer 4 (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM DTT, pH 7.9) were purchased from New England Biolabs. Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich.
All DNA were purchased from Microsynth. The sequences each contain one specific cutting site for one of the type-II REs, either BamHI (GGATCC) or EcoRV (GATATC). In order to noncovalently anchor dsDNA on the SWCNT surface, three different configurations were designed, as shown in Figure 1a . Cy3-modified DNA was purified by PAGE by the manufacturer. Complementary DNA sequences were annealed in ddH 2 O by incubation at 95°C for 5 min followed by slow cooling to room temperature (∼2 h).
Preparation of dsDNA−SWCNT. We prepared ssDNA− dsDNA−SWCNT hybrids according to the method described by Shiraki et al. with some modifications (summarized in the Supporting Information). In brief, the SC concentration of the SC-suspended SWCNT was adjusted by dialyzing against 0.5 mM SC. The resulting SWCNT suspension was incubated with thermally annealed dsDNA in excess at room temperature for at least 3 days in order to reach equilibrium. Replaced SC and free DNA were removed with Amicon Ultra-2 mL centrifugal filters (Millipore, MWCO = 100 kDa) washing 6 times with 1 mL of ddH 2 O (see the Supporting Information). The filtered solutions were collected and centrifuged at 21 130g for 10 min to remove unwanted SWCNT bundles. The dsDNA−SWCNT solutions were stored at 4°C, where they can remain stable for months. The concentration of SWCNTs was estimated from the absorption spectrum, taking ε 910nm of 0.02554 L mg −1 cm −1 . 56 Details on photoluminescence and AFM characterization of hybrids can be found in the Supporting Information.
Digestion Assay. We developed an endonuclease assay to study conformations of dsDNA on SWCNTs. The scheme is shown in Figure 1b . In a typical experiment, 0.5 mg/L of DNA−SWCNTs was incubated with 20 U of BamHI-HF or EcoRV-HF in NEBuffer 4 (1×) in a total volume of 30 μL in 1.5 mL Eppendorf tubes, at 22°C and shaking with 300 rpm. Aliquots supplemented with Triton X-100 were incubated with the desired Triton X-100 concentration for 2 h at 22°C before mixing with the enzyme and buffer. After 16 h of incubation, the reaction solutions were diluted to 300 μL with ddH 2 O before being stopped by adding an equal volume of phenol− chloroform−isoamyl alcohol extraction reagent (Sigma-Aldrich, 25:24:1). After centrifugation for 5 min at 16 000g at room temperature, the aqueous phase was collected, and the DNA was precipitated according to literature using ethanol supplemented with glycogen (Carl Roth). 57 The pellet was washed with 70% ethanol and resuspended in denaturing gel loading buffer containing 95% formamide. Samples were heat-denatured for 3 min at 95°C and immediately quenched on ice before separation on a denaturing 12% urea−polyacrylamide gel in 1× Tris-boric acid-EDTA buffer at 250 V for 45 min. The DNA was stained with SYBR Gold (Thermo Fisher) for ∼25 min and visualized on a blue-light gel imager. The amount of DNA was quantified using ImageJ. All experiments were conducted in triplicate.
Fluorescence Measurements. Twenty microliter sample aliquots were placed in a flat-bottom 384-well plate (Nunc MaxiSorp). Visible-range emission spectra were recorded using a Varioskan microplate reader.
MD Simulation. For the initial condition, we conjugated the dsDNA segment of BH7-5 aligned along the nanotube axis to an equilibrium conformation of (GT) 10 on the (9,4)-SWCNT, which was modeled by Harvey et al. 9 The surrounding aqueous solution contained 30 mM sodium and 10 mM magnesium ions. After 100 ns equilibration, the simulation was subsequently run for 250 ns. The final equilibrated snapshot is shown in Figure 5a . Additional details on the simulation can be found in the Supporting Information ■ ASSOCIATED CONTENT
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